Data on the mechanism of antimony genotoxicity is scarce. Arsenic and antimony are proposed to share some toxicological features. Thus comparative and combined experiments with As(III) and Sb(TJT) were performed to gain a deeper knowledge of the mechanism of antimony genotoxicity. Trivalent arsenic proved to be five times more cytotoxic and one order of magnitude more potent in induction of micronuclei in human lymphocytes in vitro than was antimony. Significantly increased micronucleus frequencies were achieved with As(m) at a dose of 0.5 uM and with Sb(III) at a dose of 5 uM. Neither the number of micronuclei induced by As(m) nor by Sb(III) could be suppressed by co-incubation with superoxide dismutase or catalase. This suggests that induction of oxidative stress may not be a crucial step in the mechanism of DNA damage induction by arsenic and antimony. The combined genotoxicity in micronucleus test co-incubation experiments with arsenic and antimony seemed best described by simple additivity. In the single cell gel test with human lymphocytes a significant induction of DNA damage was observed with 0.01 uM As(m) and 5 uM Sb(m). In contrast to Sb(m), As(III) proved to be a very potent inducer of DNA-protein crosslinks. It may be that Sb(III) as well as As(m) causes DNA damage by inhibition of enzymes involved in DNA repair. Further investigations will have to identify the relevant sites of action.
Introduction
Arsenic and antimony compounds share some chemical as well as toxicological properties (Luckey et al, 1975; Elinder and Friberg, 1986; Norseth and Martinsen, 1988) . For instance, arsenic and antimony compounds display genotoxic activity in vivo and in vitro: they are clastogenic but not mutagenic (for a review see Gebel, 1998a) . Arsenic was shown to cause aneuploidy in vivo and in vitro, indicative of spindle apparatus reactivity (Lee et al, 1985b; Eastmond and Tucker, 1989; Moore.L.E. et al., 1996) . However, clastogenicity seems to be the primary mode of action of arsenic (Eastmond and Tucker, 1989) . Whether antimony is aneugenic is not known. Arsenic in its trivalent form has been recognized as a human carcinogen (IARC, 1980) . On the other hand, it is as yet not clear whether antimony is carcinogenic to man (IARC, 1989) . Occupational epidemiology could not confirm the evidence for lung carcinogenicity of antimony detected in experimental animals (Groth et al., 1986; Jones, 1994) . Furthermore, because the experimental results were not uniform, animal lung carcinogenicity of antimony is still a matter of discussion (Jones, 1994; Newton etal, 1994) . Studies dealing with elucidation of the mechanism by which arsenic exerts its genotoxic effects are numerous. There is evidence that it may be mediated by enhancement of oxidative stress and glutathione depletion or, as a further possibility, by inhibition of DNA excision or post-replication repair (for a review see Gebel, 1998a) . For instance, in Escherichia coli UV-induced mutagenesis was enhanced by arsenite only in excision-proficient strains (Rossman, 1981) . Furthermore, post-treatment with arsenite was shown to increase UV-and alkylating agent-induced chromosome aberrations (Lee et al., 1985a; Huang et al, 1986) and to elevate the clastogenicity of DNA crosslinking agents (Lee et al., 1986) . AsCTU) inhibits the incision step as well as the ligation step of nucleotide excision repair in VH16 human fibroblasts (Hartwig et al, 1997) and has been shown to inhibit postreplication repair in CHO cells (Lee Chen et al, 1992) . However, inhibition of DNA repair by metals/metalloids in general may be mediated by enzyme inhibition directly or indirectly via formation of oxygen products (for a review see Snyder, 1990) . Thus these two possible mechanistic explanations might merge into one. In contrast to arsenic, little is known about the mechanism by which antimonials act on DNA. There is no data indicating whether the mechanism of antimony genotoxicity is similar to that of arsenic. For this reason, the trivalent compounds NaAsO 2 and SbCl 3 were used in this study singly and in combination in the micronucleus test and in the Comet assay with human lymphocytes to obtain further information on the mode of action of antimony.
Materials and methods

In vitro micronucleus test
The micronucleus test was performed according to Fenech (1993) using some modifications described in Gebel et al. (1997b) . Briefly, human peripheral lymphocyte cultures were set up and used in the micronucleus test as follows. Blood was obtained by venipuncture from healthy non-smoking donors aged 25-35 years, free of any known exposure to genotoxic agents. Lymphocytes were isolated as described by Gebel et al. (1997b) , trypan blue stained, counted and afterwards cultured in plastic round-bottomed tubes at a concentration of 0.5 X10 6 cells/ml in 2.5 ml culture medium (RPMI 1640; Biochrom, Berlin, Germany) supplemented with 15% calf serum, penicillin (100 U/ml) and streptomycin (100 Hg/ml) at 37°C in a humidified atmosphere containing 5% CO2. In the whole blood set-up 500 (ll whole blood sample were added to 4.5 ml culture medium before culture. Cell mitosis was stimulated with phytohaemagglutinin (final concentration 5 Hg/ml) (Biochrom). Twenty four hours later the test substances were added dissolved in 20-30 [il water (NaAsOi) or DMSO (SbCl3). In the case of DMSO a respective control with solvent only was performed. In the assays with supplementation with superoxide dismutase (SOD, 125-300 U/ml) and catalase (CAT, 2CO-500U/ml) 0.05 mg/ml of the respective enzyme was added. Mitomycin C (Sigma; final concentration 0.12 uM) was included in all experiments as a positive control. Forty four hours after phytohaemagglutinin stimulation cytochalasin B was added to the cultures to yield a final concentration of 4.5 Hg/ml. Seventy hours after phytohaemagglutinin stimulation the cells were harvested. After 2 min treatment with hypotonic solution (0.07 M KC1,0.15 M NaCI, 4+1) the cells were fixed in methanol and acetic acid (3+1) for 30 min at 4°C and sedimented at 155 g for 10 min. The fixation step was repeated once for lymphocytes and twice for whole blood. Microscope slides were prepared in duplicate by dropping on the sample and were air dried and stained with 5% Giemsa solution, pH 6.8, for 10 min. Two or 'To whom correspondence should be addressed. Tel: +49 551 394973; Fax: +49 551 394957, Email: tgebelkgwdg.de. 3.7 ± 4.3 (n = 4) 1.2 ± 5.8 (n = 6) 97.1 ± 10.3 (n = 4) 51 6 ± 12 3* (n = 4)
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83.4 ± 9.5 (n = 4) 62.8 ± 4.7 1 (n = 4) V < 0.05 in Student's /-test versus single dosage experiments three independent experiments were carried out for each compound on different donors Micronuclei, as defined by criteria summarized by Fenech(1993) . were scored in 1000 binucleate cells with two nuclei of approximately equal size. The nuclear division index (NDI) was calculated as in Eastmond and Tucker (1989) as NDI = (MI + 2MII + 3MIII + 4MIV/1000 cells), where MI-1V represent the number of lymphocytes with one to four nuclei. The number of micronuclei was analysed statistically with Fisher's exact test.
Cornel assay
The Comet assay was performed according to Singh el al. (1994) using the modifications described in Klaude et al. (19%) . In brief, for lymphocyte isolation 20 |il whole blood were added to 1 ml RPMI 1640 medium (Biochrom) and 100 JJ.1 Ficoll was placed below the blood/medium mixture. After centnfugation at 190 g the 100 )j.l intermediate layer was removed into another rube containing I ml RPMI 1640. Aliquots of 10 nl test substance were added. When using whole blood the test substances were added to 10 \x\ whole blood in 1 ml RPMI 1640 Hydrogen peroxide (200 |iM) was included in all experiments as a positive control. After 2.5 h treatment at 37°C the cells were pelleted by centrifugation at 190 g and the supernatant removed. When using whole blood this procedure was repeated first with phosphate-buffered saline (PBS), pH 7.4, and thereafter with erythrocyte lysing solution (780 mM NH 4 CI, 50 mM KHCO 3 , 5 mM EDTA) after a 10 min incubation on ice and again with PBS. The cell samples were resuspended with 100 |il 0.5% low melting point agarose (LMPA; Merck, Darmstadt, Germany), layered onto microscope slides precoated with 1.5% normal melting point agarose (NMPA; Merck, Darmstadt, Germany), dried for 24 h and spread with a coverslip. After LMPA solidification at 4°C for 10 min the coverslips were removed and another 100 (i.1 0.5% LMPA were placed on the slides The coverslips were replaced immediately and the slides kept at 4°C for 10 min. After removal of the coverslip the slides were left overnight at 4°C in freshly prepared cold lysing solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tns. 1% Triton X-100 and 10% DMSO. pH 10.0). The slides were placed for 20 min in electrophoresis buffer (I mM EDTA, 300 mM NaOH, 2% DMSO, 0.1% 8-hydroxyquinoline, pH 13.0) to allow DNA unwinding. Electrophoresis was performed for 20 min at 25 V and 300 mA These steps were performed under dim light. After electrophoresis the slides were neutralized three times for 5 min with 0.4 M Tns, pH 7.5, immediately stained with ethidium bromide (2 Hg/ml) and covered with a coverslip. Image analysis was PC based using the software Comet assay II, v 1.01 (Perceptive Instruments, Haverhill. UK). Fifty cells were scored for each concentration. Experiments were performed in duplicate or triplicate. Statistical analyses were performed using the nonparametric Kruskal-Wallis one-way ANOVA test on ranks.
Cellular uptake
To determine the cell-associated amounts of arsenic and antimony 24 h incubations with 5 |iM arsenic and/or 5 [iM antimony were performed. Thereafter the cells were washed three times with PBS, harvested, counted and broken up in a closed system using a microwave apparatus (MLS mega 1200, MLS, Leutkirch. Germany) with 500 nl suspension containing 10 6 cells added to 0.5 ml 65% nitric acid and 0.5 ml 30% hydrogen peroxide. Arsenic and antimony were determined by the graphite furnace technique with an atomic absorption spectrometer (Perkjn Elmer SIMAA 6000) with Zeeman background compensation The detection limits for arsenic and antimony were 0.7 jig/1. In the case of ion speciation analysis, hydride atomic absorption spectrometry was performed using a Perkin Elmer AAS 4100 with hydride generator FIAS 400. Total antimony and arsenic were determined by pretreatment with 40 and 10% potassium iodide respectively. The contents of SWIFT) and As(III) were determined by direct measure. SWV) and As(V) were calculated as the difference between these two set-ups.
Results
Arsenic and antimony remained predominantly in the trivalent state during the 24 h incubations (Table I ). In doses ranging from 0.2 to 5 (J.M only 3.7 and 8.2% was oxidized to the pentavalent forms respectively. The per cent oxidized was not dependent on the dose applied. Cell-associated arsenic and antimony were found in equal amounts, confirming the assumption that in trivalent form both elements entered the cellular matrix easily. However, in the combined incubations the contents of As(IU) and Sb(LTl) were significantly lower than after the single element applications. In the micronucleus test (MNT) experiments using whole blood mitosis was not severely suppressed by doses of NaAsC>2 up to 2 jiM (Table  II) . Cytotoxicity was first observed at 5 p.M, indicated by a low nuclear division index (NDI) of 1.25. This effect was first noticed for SbCl 3 at a 5-fold higher dose (25 |iM, NDI = 1.20). Using isolated lymphocytes in the MNT, NaAsC>2 and SbCl 3 first severely inhibited cell proliferation at higher doses of 10 and 50 \JLM respectively. As(HI) was approximately one order of magnitude more genotoxic than Sb(EII) in the MNT (Figure 1) . A significantly elevated frequency of micronuclei (MN) was observed first at a dose of 0.5 (iM NaAsO 2 using whole blood as well as isolated lymphocytes (P < 0.05, Fisher's exact test). S0CI3 first caused a significantly increased MN frequency at a dose of 5 |J.M. In general the genotoxicity observed was slightly but not significantly lower in all experiments using whole blood, indicating binding and absorption of As(in) and Sb(UT) to whole blood protein components. Thus in the following experiments isolated lymphocytes were preferentially used. In the sister chromatid exchange (SCE) test with human lymphocytes co-incubation of As(III) with superoxide dismutase (SOD) and catalase (CAT) led to a decreased SCE frequency, suggesting that oxidative stress might be the mechanism responsible for arsenic genotoxicity (Nordenson and Beckman, 1991) . In our MNT experiments we could not confirm these data: a significant suppressive effect of SOD or CAT on the genotoxicity of As(m) and Sb(IH) was not found (Table HI) . We had shown in previous experiments in the SCE test with human lymphocytes that the genotoxicity of As(TJI) and Sb(HI) in combination was lower than expected assuming additivity of the single element effects (Gebel et al., 1997a; Gebel, 1998b) . In contrast, in the MNT with human lymphocytes the effect resulting from coincubation of As(ni) and Sb(IIT) seemed best described by additivity (Figure 2 ): the combined genotoxicity could be calculated by adding the increases in the MN frequencies provoked after single applications (Figure 1 ). Sb(TII) at 2, 5 and 10 |iM caused increases in MN frequencies of ~6, 17 and 25 micronuclei in the single and in the combined applications respectively. AsCHT) has a high affinity for thiol groups (Bogdan et al., 1994) . Additionally, it was shown to induce DNAprotein crosslinks (Dong and Luo, 1993) . In this study a Comet assay was performed to compare the potencies of DNA-protein crosslink induction by As(III) and SbfUT). By comparing the data obtained in the MNT the use of isolated lymphocytes seemed preferable to the use of whole blood (Table IV) . Significantly elevated DNA damage, indicative of induction of strand breaks or alkali-labile sites, was noticed in the single cell gel test at the low concentration of 0.01 ^iM As. This effect was also apparent at 0.05 (iM (not shown) and seemed to be masked by induction of DNA-protein crosslinks with increasing doses of arsenic, which led to a tail moment decrease of up to 1 (iM. At higher doses the tail moment again increased, presumably because of cytotoxicity, i.e. processes of cell degeneration. In the case of proteinase X usage the resuits were more homogenous: a continously increasing tail moment was found, indicative of disruption of DNA-protein crosslinks generated by As(in). However, at the low concentration of 0.01 u.M As a significant induction of DNA damage was not observed, unlike in the absence of proteinase K. Using Sb(III) a significant increase in DNA damage could be achieved in the single cell gel test at a minimum dose of 5 (iM (Table  IV) . Use of proteinase K did not have any significant effect, indicating that the potential of Sb(ni) to induce DNA-protein crosslinks may be very low. Representative tail moment distributions of these assays are given in Figure 3A and B.
Discussion
A toxicological evaluation of incorporated SbCUT) in vivo genotoxicity is not easily performed. Although Sb(IH) proved to be one order of magnitude less genotoxic than As(TH), it does not seem to be detoxified in vivo by methylation, in contrast to As(III) (Bailly et al., 1991) . Methylated arsenicals are approximately three orders of magnitude less genotoxic than As(III) (for a review see Moore.M.M. et al., 1994) , so Sb(m), once incorporated, may be a quite effective inducer of DNA damage. The induction of oxidative stress by arsenic and antimony was first reported at high, cytotoxic doses (Wang and Huang, 1994; Tirmenstein et al., 1995; Fan et al., 1996) . Our results could not support this hypothesis using noncytotoxic doses of As(III) and Sb(ITJ) in the MNT. Thus it seems likely that oxidative stress may not be a crucial step in the mechanism of arsenic and antimony genotoxicity. In contrast to the results from the Comet assay with whole blood obtained in the present study, significant arsenic-induced elevated DNA damage could first be detected in the Comet assay at a dose of 200 U. M (Hartmann and Speit, 1992) . This "The mean tail moments and the SD of the medians of two or three expenments are given. b + K, with addition of proleinase K Q P < 0 05; A P < 0 001. Kruskal-Wallis one-way ANOVA on ranks (non-parametnc lest).
may be explained by the fact that an erythrocyte lysing step before gel electrophoresis was not included in the expenments of these authors. DNA-protein crosslinking at higher doses of As(III) might have effectively masked the DNA damage which was observed at low doses in assays without proteinase K. However, the significance of DNA-protein crosslink induction in general is still not fully understood. Neither have the mechanisms of their generation been elucidated nor is it known how many types of DNA-protein crosslinks exist and whether all of them are characterized by covalent bonds. Thus the biological consequences of DNA-protein crosslink induction by As(III) remains unclear. It may be linked to cytotoxicity because it seems to prevent gene expression and DNA replication (Oleinick et ai, 1987) . The processes influencing the combined mode of action of arsenic and antimony are presumably complex. Competition might take place for uptake at the cell membrane or intracellularly at thiols and sulfhydryl groups such as proteins, amino acids and glutathione. Competitive inhibition of DNA repair enzymes could also be relevant. The results obtained in the experiments combining arsenic and antimony were heterogeneous. The combined genotoxicity in 284 the SCE with human lymphocytes and in the MNT with V79 cells was below summation of the single substance alone effects (Gebel et ai, 1997a; Gebel, 1998b) . In contrast, in the present study the combined effect was best described by additivity in the MNT with human lymphocytes. Interference of arsenic and antimony at the cell membrane is not likely to explain these results. Trivalent arsenic and antimony are presumably uncharged under biological conditions and thus may pass through the cell membrane easily (for a review see Gebel, 1998a) . In this study it was shown that arsenic and antimony entered human lymphocytes equally well. Furthermore, arsenic was even shown to accumulate in human fibroblasts (Hartwig et al.. 1997) . Accumulation of antimony in human lymphocytes can be presumed, because it was found to be lymphocyte associated in this study in similar concentrations to arsenic. However, arsenic and antimony were found to be lymphocyte associated in lower amounts in the co-incubations. This phenomenon had also been observed with V79 cells (Gebel, 1998b) . Nevertheless, combined genotoxicity did not seem to be influenced by this finding, as it was heterogeneous in the SCE and MNT with human lympho- cytes and different between human lymphocytes and V79 cells. Simple additivity of combined genotoxicity in the MNT with human lymphocytes might indicate independent mechanisms of action of arsenic and antimony. In the SCE and with V79 cells the observed competitive suppression of combined genotoxicity could be explained by a differential effect on different DNA repair systems. In general enzymes responsible for DNA repair are numerous and heterogeneously and tissuespecifically expressed. Thus it seems likely that in V79 cells a different set or subset of DNA repair enzymes is expressed than is the case in human lymphocytes. So it is plausible that competitive inhibition between As(III) and StKTfl) genotoxicity might not be relevant for every type of cell. This could lead to low genotoxicity in combination in V79 cells and, because of lack of competitive enzyme inhibition, to additivity in human lymphocytes. Sub-additive genotoxicity in the SCE test on human lymphocytes in combination may have been mediated by competitive inhibition by As(IH) and Sb(III) of topoisomerase II, which is hypothesized to be responsible for the process of SCE induction (Dillehay et al, 1989) . It can be concluded that the combined mode of action of arsenic and antimony genotoxicity does not seem to be unique. Moreover, these data show that it seems prudent to investigate whether antimony co-exposure has an impact on the genotoxicity and carcinogenicity of arsenic in man in vivo. Additionally, further studies are necessary to elucidate whether StKTfl) inhibits DNA repair, like arsenic, or whether the processes influencing combined genotoxicity are based on other effects. It also remains to be examined whether Sb(III) has aneugenic potential.
